[1] Ephemeral streamflow events in headwater catchments are significant in terms of the flux of sediments, solutes, and discharge out of a catchment. Existing attempts to monitor these events, however, have traditionally been restricted to a limited series of manual observations or the use of temperature sensors which demand a great deal of data interpretation and often introduce significant timing errors. The use of electrical resistance sensors has been found to be one potential alternative, but this method has not yet been fully explored. This paper builds upon this method, presenting a new low-cost ephemeral streamflow (ES) sensor which is able to detect the onset and cessation of ephemeral streamflow events at high spatial and temporal resolutions. Furthermore, the data collected by the ES sensor needs only minimal interpretation. Laboratory testing reveals that the sensors are able to clearly distinguish between the presence and absence of water. Field testing in a small peatland headwater catchment in the South Pennines, United Kingdom, confirmed that the sensors were robust enough to withstand field conditions. Careful site selection enabled the production of a high-quality data set, showing the timings of multiple ephemeral streamflow events at numerous locations within the catchment. The low cost, good performance, and minimal data interpretation requirements of the ES sensors permit unprecedented high-resolution monitoring of ephemeral streamflows.
Introduction
[2] Ephemeral streamflows are common in many environments and may be seasonal [Blyth and Rodda, 1973] but can also occur on time scales as short as over a single rainfall event [Day, 1980] . This can lead to dramatic variations in drainage density [Horton, 1932] , particularly in headwater catchments. These short-term changes can have several important implications for landscape connectivity as sediments and solutes may become more readily mobilized [Wigington et al., 2005] and the distance that runoff must travel to a channel decreases, reducing travel time and increasing flood risk [Dingman, 1978] . Therefore, it is clear that being able to characterize the nature of ephemeral streamflows within a catchment would be advantageous. Wharton [1994] has suggested that dynamic drainage networks should eventually replace the static networks used in runoff models and erosion, sediment, and pollution transport models, potentially leading to a significant improvement of prediction accuracy. Parameterization of such approaches will require streamflow data at high temporal and spatial resolutions.
[3] Our basic knowledge about the dynamic nature of ephemeral streamflows is currently limited, with most of our understanding resulting from direct observations in the field [Morgan, 1972] . However, this method is time consuming, subjective, laborious and of an inadequate temporal and spatial resolution to capture the dynamics of the ephemeral flow phenomenon [Blyth and Rodda, 1973] . Temperature sensors buried below the channel bed have also been used to attempt to monitor streamflow timing in ephemeral channels [e.g., Constantz et al., 2001; Blasch et al., 2004] . This method is based on the idea that during periods of streamflow, a shift in the predominant thermal transport mechanism within bed sediments from conduction to advection produces a reduction in the amplitude of the diurnal temperature waves as the overlying water column has an insulating affect on the sediment surface [Blasch et al., 2004] . Although this approach was found to be promising, the data interpretation requires a large degree of subjectivity and can be time consuming [Blasch et al., 2004] . In addition, difficulties such as precipitation and sudden changes in air temperature associated with weather fronts can cause fluctuations in the sediment temperatures similar to those caused by the presence of streamflow, often leading to large errors in estimates of streamflow timing and duration [Gungle, 2006] .
[4] Blasch et al. [2002] attempted to improve on this technique. They modified temperature sensors by removing the thermistor and stripping the insulation enclosing the electrodes to produce electrical resistance (ER) sensors. At the onset of an ephemeral streamflow event, an ER sensor will measure a significant change in electrical conductivity when a continuous electrical circuit is supported between the electrodes. At the cessation of streamflow, the circuit is broken and the measured resistivity increases sharply [Blasch et al., 2002] . This enables a binary distinction to be made between times when ephemeral streamflow is present (a ''flow'' or ''wet'' reading) and absent (a ''dry'' or ''no flow '' reading) . The ER sensors were tested both above and below the sediment surface in an arid environment. It was found that the sensors are most accurate when placed above the stream channel surface to avoid the influence of sediments and to reduce analysis requirements [Blasch et al., 2002] .
[5] However, very few studies to date have employed this technique to collect a comprehensive field data set. One reason for this may be the logistical difficulties of successfully locating the sensor electrodes within an ephemeral stream channel. For example, although the ER sensors deployed at by Blasch et al. [2002] at the surface were found to be more successful than those deployed in the subsurface, they still encountered a number of timing errors associated with the installation of the ER sensors. Key problems included the height of the sensor in relation to the stream channel (sensors placed too low may be buried by deposited sediments and those too high may fail to detect streamflow at low stages) and deposition of sediment around the sensor electrodes, leading similar analysis problems as experience by subsurface sensors. Therefore, although this study illustrates the potential of ER sensors for this type of data collection, it is clear that the methods presented by Blasch et al. [2002] need to be honed in order for the use of ER sensors for collecting ephemeral streamflow data to become a practical and widely adopted method. This paper describes the development of the approach of Blasch et al. [2002] through the progression of the basic ER sensors into fully functional ephemeral streamflow (ES) sensors. This has primarily been achieved by the design of an innovative sensor head, housing the sensor electrodes and situating them in an optimal position on the surface of ephemeral streambeds. This eliminates many of the problems encountered by Blasch et al. [2002] associated with the installation of the sensors and permits the effective deployment of ER sensors in temperate environments, allowing unprecedented high-resolution monitoring of ephemeral streamflows.
Design
[6] Here we present a design for such an ephemeral streamflow (ES) sensor. There are several criteria which the design must fulfill. Lag times in the detection of flow initiation or cessation must be minimized. If the electrodes are elevated from the bed, flow would not be identified until it reached the height of the electrodes, meaning shallow flow at the start and end of an event may not be detected. Burial of the electrodes below the surface of the channel bed would require flow to infiltrate to the depth of the electrodes before detection. In addition, bed sediments may remain damp after flow has ceased, maintaining a weak connection between the electrodes. There must be free drainage in to and out of the sensor, allowing the onset of flow to be detected as quickly as possible and preventing water being held around the electrodes when flow has ceased. Deposition of sediments around the electrodes must be eliminated as this would maintain a connection between the electrodes after the cessation of flow. The chances of a false ''wet'' reading must be minimized by either the electrodes touching accidentally, or a connection being made by isolated droplets from previous flows, sediment or rainfall accumulation. Finally the sensor must be robust and strong.
[7] The ES sensors were developed using the basic principles outlined by Blasch et al. [2002] who converted Onset Stowaway TidbiT temperature sensors into electrical resistance sensors. The loggers used in this study are Onset HOBO pendant 4 K temperature data loggers (product ID UA-001-64). These loggers were used as they can be easily opened and are therefore easier to convert into electrical resistance sensors, and to replace the battery. They are also less than half the price of Onset Stowaway TidbiT temperature sensors. In addition, the loggers are compact in size (58 Â 33 Â 23 mm), lightweight (18 g) and waterproof, allowing them to be easily and effectively deployed in the field. The loggers have user-selectable sampling intervals of between 1 s and 18 h and a 64 K memory storing over 52,000 readings. Data stored by the loggers can be offloaded quickly and easily in the field using the Hobo waterproof shuttle (product ID U-DTW-1). Crucially, the loggers are reasonably priced which allows for the deployment of extensive sensor networks. The extent and density of observations should be maximized to ensure sufficiently high spatial resolution to adequately observe stream length variations, which can only be achieved when individual components (i.e., sensors and loggers) are relatively inexpensive.
[8] To convert the temperature loggers into ER sensors, the thermistor was removed from the circuit board. Two 2 m lengths of 0.3 mm, single strand, plastic insulated wire were soldered into the circuit board in place of the thermistor. The other ends of the lengths of wire were stripped, forming the electrodes of the ER sensor. These wires were pushed though two 1 mm holes drilled into the lid of the data logger which were sealed with Qsil 215A rubber potting compound to make the logger waterproof. The wires were further secured by fixing them onto the eyelet on the lid of the logger using a cable tie (see Figure 1) .
[9] In order to reliably deploy the modified sensor in a temperate headwater environment a dedicated sensor head was developed in order to house the electrodes. The head was developed through a number of prototypes and extensive field testing to arrive at a design which minimizes lag effects associated with the retention of water and sediment around the sensor. The preferred sensor head design is described below.
[10] The sensor electrodes are housed in a 50 mm length of 42 mm diameter plastic tubing, protecting them from the effects of deposition and rainfall. The electrodes are located on opposite sides of the sensor, one on the upstream side and one on the downstream side. They are pushed through small holes as near to the sensor's base plate as possible in order to ensure proximity to bed level and sealed in place.
Experiments by Adams [2005] revealed that the separation distances of wires were determined to have minimal affect on measured electrical resistance. Therefore, the electrodes are relatively short, approximately 2 mm in length. This prevents the electrodes from touching, and therefore short circuiting, or from bending into damp sediments. Having the electrodes at opposite sides of the sensor minimizes the chance of a connection being made by isolated droplets or small amounts of sediment which would lead to a ''wet'' reading despite the absence of flow. The wires are secured to the body of the sensor using a cable tie to ensure that the electrodes are not pulled out of place during heavy flows.
[11] There are three slots in the tubing approximately 1 mm wide, allowing water to enter the sensor when flow begins and drain out as flow ceases while ensuring that large particles of sediment and debris will not pass through into the body of the sensor and settle around the electrodes. The slots are located on the downstream of the sensor, at around 135, 180 and 225°to the direction of flow. A 1 mm diameter air hole is located on the downstream side of the sensor above the slots. This is to allow air to enter the sensor as water drains out of the slots, preventing a vacuum effect which may impede drainage. There is a 2 mm diameter drainage hole at each side of the sensor to allow water to leave the body of the sensor swiftly after flow has ceased.
[12] A plastic disc 2 mm deep and 42 mm diameter is sealed to the top of the tubing to prevent the entry of sediment and rainwater. Another disc 2 mm deep and 42 mm diameter with several 3 mm diameter holes is sealed to the bottom of the tubing. This prevents wet bed sediments from entering the sensor from below while allowing drainage of water out of the sensor when flow has terminated.
[13] A 55 mm by 55 mm plastic base plate was made from 2 mm thick plastic. The base plate has a 42 mm diameter hole in the center allowing the plastic tubing to slot through. The base plate sits 10 mm up from the bottom of the tubing and is sealed into position. The bottom 10 mm of the tubing sits below the level of the channel bed, with the base plate sitting at the bed level. The purpose of the buried section of tubing is to act as a sediment trap. If any sediment enters the body of the sensor, it deposits at the bottom of the sensor, well below the level of the electrodes. This prevents sediment collecting around the electrodes and making a connection which may lead to false ''wet'' readings. During a flow event, the bottom 10 mm of tubing fills quickly with water, bringing the level of water in the sensor up to that of the electrodes and producing a ''wet'' reading. When flow ceases, flow drains out of the sides and bottom of the sensor, to below the level of the electrodes. Any sediment is left at the bottom of the sensor, below the position of the electrodes and a ''dry'' reading is shown. There are four 4 mm holes in the corners of the base plate through which 3 inch nails can be driven to secure the sensor flush with the channel bed. The completed ES sensor design is shown in Figure 2 .
Laboratory Testing
[14] The objective of the laboratory testing was to validate the ES sensor design for monitoring ephemeral streamflows before use in the field. Specifically, the sensors must be able to clearly distinguish between the presence of water between the electrodes, irrespective of its conductivity (a ''flow'' or ''wet'' reading), and the absence of water between the electrodes (a ''dry'' or ''no flow'' reading).
[15] Four of the converted ER sensors were used in the laboratory tests. The sensor electrodes were approximately 2 mm long and were secured into opposite sides of 15 mm lengths of the same 42 mm diameter plastic tubing used in the construction of the ES sensor heads, ensuring the electrodes will be in the same relative positions as in the completed design. Each sensor was tested in 6 solutions, with conductivities ranging from 25 to 150 ms. This range was used as it is typical of those in the catchment where the sensors will be field tested [Daniels, 2006] . The sensors were programmed to take readings at 5 s intervals. For each solution, the sensor was immersed in the solution for a total of 25 s, enough time for five readings to be taken, before being removed from the solution into the air for a further 25 s. This process was repeated five times. The mean and standard deviation of the relative conductivity readings taken by each sensor in each solution is plotted in Figure 3 . Mean relative conductivity readings taken when the sensors were immersed in the solutions ranged from À61.87 to À3.54 with standard deviations of between 0.16 and 2.99. In contrast, all sensors gave a ''dry'' reading of À120.59 with a standard deviation of 0. This value is much more negative than the relative conductivity for any ''wet'' reading taken by any of the sensors at any conductivity from 25 to 150 ms. This allows a clear distinction to be made between ''wet'' and ''dry'' readings and clearly validates the use of this method for the detection of wetness and by implication flow in ephemeral channels.
Field Testing
[16] The sensors were tested in Upper North Grain, a small headwater catchment in the National Trust High Peak estate in the Peak District, South Pennines, United Kingdom. The catchment is 0.38 km 2 in size and lies between altitudes of 490 and 541 m. The principle land cover is blanket peat which is heavily eroded with deep Bower Type I peat gullies [Bower, 1961] , frequently cut to the base of the peat. Peatland systems are hydrologically flashy [Evans et al., 1999] so that the deep, v-shaped gullies often contain ephemeral streams which are ideal for field testing the ES sensor.
[17] A network of 40 ES sensors occupying five gullies was installed from 7 September to 14 November 2007. Several factors were considered when siting the sensors. As the ES sensors need to be in the flow path they were located where there was a clearly incised single channel, with areas where flow is likely to be diffuse or braided being avoided. Within the channel, the sensors were sited on riffles as opposed to pools, ensuring that as the catchment dries out and continuous flow ceases, the sensors will read ''dry,'' whereas the in pool areas water may pond despite an absence of continuous flow. Areas where bed sediments were very soft and prone to deposition, scour or flow path migration were avoided in preference of more stable sites. [18] The data logger was placed in a sealed plastic bag and placed on the bank of the gully to prevent it from being damaged or washed away. This is an advantage of having long connecting wires between the data logger and the sensor head. The wires connecting the logger to the sensor were protected by flexible plastic tubing which was secured to the ground using pipe clips and 3 inch nails. This protected the wires from damage and snapping when pulled, for example by sediment or debris being washed downstream.
[19] The loggers were set at sampling intervals of 30 s, allowing 18 days of continuous logging. Data was downloaded approximately once every 2 weeks using a Hobo Waterproof Shuttle. Sensor maintenance was carried out alongside data collection to ensure there had been minimal deposition around the sensor and there had not been any flow path migration, problems which were minimized with careful site selection. The sensors were rinsed out to empty the sediment trap ensuring any internal deposition was removed and did not build up around the electrodes. Each sensor was visited 4 times in order for data to be downloaded and for maintenance i.e., cleaning and checking. On one occasion it was found that the connecting wires between the sensor in the stream and the logger on the bank had snapped. This was due to very heavy flows which had transported a large amount of debris down the gully. This debris caught on the wires, which although encased in protective tubing, snapped under the force of the downstream pull of the debris. The ES sensor was then replaced with an intact sensor. This prevented the calculation of the total period of flow at this site but information such as the lag times between the start of a rainfall event and flow initiation at this site during the period when the sensor was operational could still be calculated. Other than this one occasion, none of the ES sensors experienced any physical or technical degradation during the 2 month study period, verifying the robust design and ability to withstand field conditions over prolonged periods.
[20] Figure 4 shows an example of a raw data set collected by one of the ES sensors in the field and the same data once it has been processed. Data processing involved two main steps. The first is to set a threshold, based on the results from the laboratory experiments, with all readings below the threshold (more negative) being defined as ''dry'' or not flowing and those higher (less negative) being defined as ''wet'' or flowing. Consistent with the laboratory experiments, the ''dry'' value recorded by the ES sensors in the field is À120.59. Again, this is significantly lower than any of the ''wet'' values recorded by any of the sensors in solutions of any conductivity in the laboratory experiments. Additionally, these ''dry'' readings showed no deviation whereas those during ''wet'' spells are highly variable. This evidence allows the ''wet''/''dry'' threshold to be set with confidence. The second step in processing the data was to remove any artifacts of data collection, i.e., a ''dry'' reading when a sensor was taken out of flowing water to undergo maintenance checks (as occurred on 29 September and 12 October 2007), or a ''wet'' reading when a sensor in a dry part of the channel was cleaned out to ensure there was not a build up of sediment around the electrodes (27 October 2007) . A simplified data set could then be produced clearly showing when each sensor is in flow and when it is not. Such a data set allows the start and end of ephemeral streamflow events to be picked out for each sensor. This means that lag times between the start of a rainfall event and the initiation of a flow event can be compared at multiple sensor locations, enabling us to see the pattern in which the network becomes active. Analysis of which sensors are reading ''wet'' or ''dry'' throughout the study period also shows which parts of the catchment are hydrologically well connected to the catchment outlet and which remain disconnected at any given time. An example of this can be seen in Figure 5 which shows the length of time that each of the sensors were registering the presence of flow as a percentage of the total study period.
[21] The initial data in Figure 5 suggest that the wetting up of the ephemeral channels in this system is quite variable both within and between gullies. In particular there is no simple pattern of bottom up wetting of the gully floors, for example with the downstream end of gullies nearest to the perennial stream network experiencing the highest occurrence of flows, with frequencies decreasing systematically toward the headwaters. Ongoing work is monitoring an extensive network of sensors to explore topographic controls on these patterns of flow onset.
Summary
[22] Most existing methods for characterizing ephemeral streamflows are of limited spatial and temporal resolution, require a large amount of subjectivity when interpreting the results, and estimates of streamflow timing and duration are often of limited accuracy. The reasonable cost of the ES sensors presented here means extensive networks can be set up in ephemeral channels, enabling monitoring of a high spatial resolution, with user-selectable sampling intervals permitting readings to be taken at high temporal frequencies. Laboratory experiments revealed that the ES sensors can clearly and repeatedly distinguish between the presence and absence of water between the electrodes. Field testing showed that the sensors were robust enough to withstand field conditions. Careful site selection and regular maintenance ensure that the data collected is high quality. The results collected by the ES sensors needs minimal interpretation once a suitable ''wet''/''dry'' threshold has been set, allowing the timing of multiple ephemeral streamflow events to be clearly identified. These sensors may be suitable to collect data in a variety of environments enabling characterization of the nature of ephemeral streamflows to an extent that has never before been possible. The ability to deploy large numbers of sensors offers significant scope for more detailed investigations of the mechanisms of ephemeral flow initiation and an exploration of notions of dynamic drainage density. The design of the sensor head itself may also be modified to collect data on many other hydrologically dynamic phenomena including overland flow production and soil pipe flow, allowing integrated study of the timing of flow onset in various components of headwater hydrological systems. Figure 4 , is clearly marked by the arrow. The catchment lies between 410300, 393400 and 411300, 394400 with reference to the British Nation Grid.
